The real time temperature measurement allows us to carry out the study of energy balance in metals under quasi-static loading and fatigue crack propagation. The temperature field near the crack tip was recorded by infrared camera FLIR SC5000. The heat source at the crack tip was calculated based on temperature data treatment and verified based on the original heat flow detector. The two regimes of energy dissipation at crack tip during its propagation in Paris regime were shown. The experimental results were supported by numerical simulation. The original theoretical model was adapted for standard final-elements numerical code (Abaqus) to simulate energy dissipation under quasi-static and cyclic loading in 3D geometries.
Introduction
It is now well known that the real materials have a complex structure which can be considered as a hierarchy of the different scale levels. Structural changes occur in all scale levels and lead to irreversible deformation and failure of the material. The development of the irreversible deformation is accompanied by the processes of energy dissipation and storage and, as a result, leads to the changing of material temperature (self heating). From the thermodynamical point of view we can conclude that the expended mechanical energy is converted into thermal energy generated by movement and annihilation of the defects and stored energy accumulated in the elastic fields of the defects. These process can be observed both in the whole sample volume (under quasi-static loading) and locally (in crack tip under crack propagation).
The process of fatigue crack propagation in metals is accompanied by the formation of monotonic and cyclic plastic deformation zones at a crack tip and, as a consequence, rising up the temperature at the crack tip. The generally used small scale yielding assumption allows one to apply the results of linear fracture mechanics (stress intensity factor) in order to describe the fatigue crack growth. The power relation between stress intensity factor and crack rate was called Paris law. The effectiveness of this law and its extensive use in engineering practice does not eliminate the problem of searching for new kinetic relations for cracks that take into account the physics of the processes accompanying changes in the material structure at crack tip. Many authors [1] [2] [3] have proposed alternative function relating the crack rate and such values as J-integral, plastic deformation zone size, the value of dissipated energy, etc. The use of the energy approach in the description of fatigue crack propagation originates in [4] [5] [6] [7] [8] [9] . One of the most detailed descriptions of energy balance at the fatigue crack tip was proposed in [9] . A similar relation was obtained in [10] where the law of crack propagation was derived as entropy production in the system written as product of driving force responsible for the translational mode on the corresponding thermodynamic flow. In [11] , the authors experimentally demonstrated the relationship between the work of plastic deformation and the change in the stress intensity factor. Based on the assumption that most part of this work is converted into heat they derived the fatigue crack propagation law.
The construction of energy based crack propagation law requires the development of a theoretical description of energy balance in metals under deformation and failure and experimental technique for measurement of energy dissipation rate suitable for both laboratory conditions and for real engineering structures. The infrared thermography gives us a unique possibility to measure the temperature filed on a sample surface with high time and spatial resolution. The data treatment algorithm including noise filtering for temperature measurements based on infrared radiation data, compensation of the external conditions of the experiment (reflection of infrared waves from the metal specimen surface, relative motion of a specimen, etc.), and calculation of heat losses in the course of the experiment was proposed in [12] . These algorithms allow us to calculate the heat sources in the sample during deformation and failure. To increase the reliability of heat sources calculation we develop additional heat measuring setup. The setup is based on the Seebeck effect and includes two Pelietier elements and temperature controlling feedback. The two different techniques provide a high reliability of heat sources measurement. These experiments allow us to study in detail a dissipated and stored energy evolution in metals (AISI304, titanium OT-4(Rus)) and support the conception originally formulated by J. H. Lambert in 1779 about energy similarity of mechanical and thermal failure processes of solids. The essence of this similarity is that the mechanical failure of metals can occur when the relative deformation in at least one direction reaches a value equal to the linear thermal expansion at the melting point. A substantial contribution to the development of these ideas was made by V.S. Ivanova, who proposed the structure-energy theory of metal fracture [13] . A detailed analysis of thermodynamic effects produced by cyclic deformation and failure in metals was carried out by V.T. Troshchenko and V.V. Fedorov. The overview of strength energy criteria was published in [14, 15] .
The most intriguing result is that the classical Paris`s regime of crack propagation can be divided in two regimes with different kinetics of energy dissipation. During the first regime the crack rate is linear function of crack length and power of heat dissipation ( The experimental results give impetus to the theoretical description of energy balance in metal. One of the possible ways of the stored energy estimation is the use of stress-strain curve [16, 17] . In [18] , it is shown that this method can give us only part of the stored energy value connected with non-homogeneous plastic deformation. In [19] , the stored energy is calculated with the use of the discrete dislocation plasticity model which allows one to calculate the value of the stored energy directly as the difference between internal energy associated with the dislocation in the current state and in the initial. The internal variables approach is used in the works [20, 21] . The authors suggest that the energy connected with plastic deformation is a function of internal variables only.
The analysis of the existing models lets us assume that the stored energy in the material occurs due to the evolution of defects of different structural levels and for its adequate description it is necessary to obtain constitutive equations of the evolution of structural defects. In the extension of our experimental results we propose the development of a statistical model of the defect evolution [22] . Evolution of the mesodefect ensembles is modelled with the use of the internal field variable which can be considered as a defective induced deformation. The developed model was adapted for using in standard finite-elements numerical code (Abaqus) to simulate energy dissipation under quasi-static and cyclic loading in 3D geometries. The efficiency of the obtained equations is demonstrated by the simulation of the energy balance in AISI304 steel under quasi-static deformation and crack propagation.
Experimental study of crack propagation in metals

Experimental setup
Experimental study of temperature evolution was carried out on the plane samples of titanium alloy OT-4 (Russian marking) and stainless steel AISI304. The sample geometries are presented in figure 1. All sizes are presented in millimetres. The fatigue experiments were carried out in collaboration with University of the Federal Armed Forces (Munich, Germany) and НИО-2, laboratory «Physics of strength and smart diagnostic system» Tolyatti state university (Tolyatti, Russia) in the frequency range from 10 to 20 Hz. The cycle asymmetry coefficient was equals 0.1 and -1 for samples presented in figure 1 .a and 1.b, respectively. The surfaces of the specimens were polished in several stages by the abrasive paper (at the final stage of polishing the grit size does not exceed 3μm). Before starting the experiment the polished surface was covered by a thin layer of amorphous carbon.
The temperature evolution was recorded by infrared camera FLIR SC 5000. The spectral range of the camera is 3-5 µm. The maximum frame size is 320×256 pixels; the spatial resolution is 10 -4 meters. The temperature sensitivity is 25 mK at 300 K. Calibration of the camera was made based on the standard calibration table. It was used FLIR SC5000 MW G1 F/3.0 close-up lens (distortion is less than 0.5%) to investigate the plastic zone in details.
To measure the heat flow near the crack tip the original Peltier-based experimental setup was developed. To control the crack length an original measurement system has been developed. The crack length measurement system is based on the potential drop technique. The principal scheme of experiments is presented in figure 2 . The following notations are accepted in figure 2: Testing sample (1); Infrared camera (2); Peltier element (3); Potential drop measuring setup (4); Analog amplifier MDU-8 (5); Analog digital converter АDC NI USB-6251 (6); PC with LabView software (7). During the first part of the experiment (≈0-250 second for stress amplitude 2,5кН and ≈0-100 second for stress amplitude 3кН) the measured heat flux rises to the constant value. The crack length is constant during this period. The following period of the experiment can be divided into two parts. The first part from 250 to 3300 second for stress amplitude 2,5кН and from 100 to 1900 second for stress amplitude 3 кН corresponds to constant value of heat flux. The last part is characterized by rise of heat flux. This part of the experiment is finished by critical, unstable regime of crack propagation.
Experimental results
The analysis of experimental data was carried separately for each regime of heat dissipation. Figure 4 presents the two aforementioned regime of crack propagation in different coordinates. 
The results presented in figure 5 exhibit the linear relation for both regimes of crack propagation. The classical Paris`s regime of crack propagation can be divided into two regimes with different kinetics of energy dissipation. During first regime the crack rate is linear function of crack length and power of heat dissipation ( 
The evolution of crack rate versus relative crack length multiplied by heat flux from the crack tip (a) and crack rate versus relative heat flux from the crack tip (b).
Theoretical study on energy dissipation in metals
Mathematical model energy balance in metals with defects
The understanding of physical nature of temperature rise under deformation and failure and a development monitoring technique and energy based fracture criteria request the development of mathematical model of defect evolution in metals. One of the possible ways to construct such model is the development of statistical description of mesodefect ensemble proposed in [22] . Typical mesoscopic defects (microshears) are introduced as a symmetrical second order tensor s
where n  -a unit normal to the shear plane, b  -a unit vector in shear direction, s -shear intensity.
Macroscopic tensor of the defect density which has a meaning of an additional (structural) strain can be calculated by the averaging of s over an elementary volume:
where n is the number of defects per unit volume.
The defect distribution function can be written as:
where E -the energy of the defect, Z -normalizing factor, Θ -the effective temperature factor.
Energy of a defect up to a constant was written in the framework of mean field approximation [22] . It leads to the self-consistency equation for the determination of the defect density tensor
Solution of (5) for the case of pure shear is presented in [22] . Based on these results we can formulate a model which describes the defect evolution and the energy balance in a material. Let us assume that the full strain rate ε  can be represented as the sum of three components: elastic (
Elastic strains are obeyed to the Hook's law. Inelastic part can be described based on the thermodynamic laws, we can obtain the dissipation inequality in the following form:
where
-a free energy, e -an internal energy, T -temperature, S -entropy, q  -heat flux vector. The main assumption of the approach is a function of free energy which is written as:
Based on this assumption the dissipation can be written as follows
According to the Onsager's principle we can obtain quasi linear relations for the thermodynamic forces and flows: 
where k is a scaling factor, α is an exponent.
Kinetic coefficients have the following form:
( )
where r -heat supply.
Standard thermodynamic formalism give us an ter 
the inelastic contribution to the heating, c -specific heat.
The energy balance equation has a term associated with the heat generation due to reversible deformation and the term corresponding to the heat generation due to irreversible deformation. Part of the plastic work is converted into the heat. The remaining part is stored in the material.
The rate of plastic work can be introduced as:
The fraction of the plastic work rate converted into heating can be written as:
The β − 1 parameter is the energy storage rate and the subject under investigation of this work.
Results and discussion
The efficiency of the aforementioned model is demonstrated by the simulation of the stress-strain evolution of sample made from 304(L) austenitic stainless steel and energy dissipation under crack propagation. The numerical modeling of crack propagation was carried out in the finite-element package Simulia Abaqus 6.13. All using modulus have corresponding licenses. Figure 6 presents a result of numerical simulation of quasi-static tension at strain . The points present experimental results obtained in [23] . Theoretical stress-strain curve has a good agreement with the experimental data. Calculated results of the energy storage rate connected with homogeneous plastic deformation are demonstrated in Fig. 6b . The obtained dependence has a maximum which agrees with the experimental data. According to the structural studies [23] , on the initial stage of plastic deformation it is observed a preparation of the material structure associated with the initiation of new structural defects. This leads to a growth of the energy storage rate. When a strain reaches some level, the dominant processes are growth, movement and annihilation of structural defects. This leads to a growth of a dissipated energy portion.
The developed constitutive model allows us to investigate the correlation between the rate of strain hardening and energy storage rate. If the value of σ L exceeds the value of p L (predominantly dissipative plastic deformation without significant increase of the density of defects) the quasi-static diagram corresponds to the perfectly plastic material and the value of stored energy increases on the initial stage of plastic deformation and then it decreases to a constant (close to zero) value. For values of σ L < p L (significant increase of the density of defects) the energy storage rate has only increasing segment of the curve and the stress-strain curve has a linear hardening. The above explained model was used for simulation of crack propagation through the user subroutine UMAT. Arrays of material constants, strain, strain increments and the time step passed as the input data to the procedure. Increment of stress tensor components, increment of defect density tensor components and increment of a plastic strain are determined from the system of constitutive equations, which were represented as a finite difference scheme. Values of these components at the next time step are defined as the sum of values on the previous step and the appropriate increment.
The extended finite element method (XFEM) capability in Abaqus was used to model crack propagation. XFEM models a crack as an enriched feature by adding degrees of freedom in elements with special displacement functions. XFEM does not require the mesh to match the geometry of the discontinuities. It can be used to simulate initiation and propagation of a discrete crack along an arbitrary, solution -dependent path without the requirement of remeshing. To specify a fracture criterion based on the critical stored energy there was used a UDMGINI subroutine.
There is considered a three-dimensional problem of cyclic loading. Eight-node linear brick elements were used for the simulation. 
Conclusions
The theoretical and experimental study of energy balance in metals under plastic deformation and failure was carried out. The mathematical model describing the temperature evolution, heat dissipation and stored energy in deformed metals was proposed. These equations were adopted for the three-dimensional modeling in the finite-element package Simulia Abaqus 6.13 with the use of subroutine UMAT. The main advantage of this model is the possibility of calculation of the stored energy value which opens up possibilities for the development nondestructive damage monitoring techniques.
Efficiency of the model was demonstrated by the simulation of the energy balance in 304(L) austenitic stainless steel under quasi static deformation. Results of simulation have shown that the energy storage rate is the function of material deformation. The obtained results are in a quantitative agreement with the experimental data. The crack propagation process was simulated using XFEM capability in Abaqus and critical stored energy criterion was used for the crack propagation.
The experimental investigation of crack propagation process required the development both the data processing algorithms for temperature data and additional experimental setup for measurement of heat flux from the sample. It gives us an effective experimental method to study the energy dissipation during the mechanical experiments.
As a result of experimental program it was show that in the Paris regime the heat dissipation at the crack tip can be divided in regimes. The first regime is characterized by the constant value of heat dissipation form the crack tip. The second regime corresponds to the sharp rise of heat flux. The analysis of experimental data shows: under the first regime the crack rate is linear function of crack length and power of heat dissipation ( These results were confirmed by the experiments with different materials and with different sample geometries.
